Abstract. The Interior of Western Canada, up to and including the Arctic, has experienced rapid change in its climate, hydrology, cryosphere and ecosystems and this is expected to continue. Although there is general consensus that warming will occur in the future, many critical issues remain. In this first of two articles, attention is placed on atmospheric-related issues that range from large scales down to individual precipitation events. Each of these is considered in terms of expected 25 change organized by season and utilizing climate scenario information as well as thermodynamically-driven future climatic forcing simulations. Large scale atmospheric circulations affecting this region are generally projected to become stronger in each season and, coupled with warming temperatures, lead to enhancements of numerous water-related and temperature-related extremes. These include winter snowstorms, freezing rain, drought as well as atmospheric forcing of spring floods although not necessarily summer convection. Collective insights of these atmospheric findings are summarized in a consistent, 30 connected physical framework.
We follow this avenue by examining projected changes in several, often related, phenomena in a physically-consistent manner through a cascade of scales and through physical understanding. This article is a natural follow-on to the summary of recent change over the CCRN region (DeBeer et al., 2016) but also to earlier synthesis articles over the Mackenzie River basin studies Woo et al., 2008) and over the Canadian Prairies during its 1999-2005 drought (Hanesiak et al., 2011) .
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With this background, our objective is to summarize and synthesize our collective assessments of future conditions across the CCRN domain. The breadth of CCRN is so large that this overall issue cannot be addressed within one article. It is broken into parts as follows:
Part 1: climate and meteorology Part 2: terrestrial ecosystems, cryosphere, and hydrology 10
The specific objective of this first article is to illustrate how changing large scale conditions will affect regional and storm scales with a general, although not exclusive, focus on precipitation-related phenomena and its extremes. This approach facilitates increasing our insights into regional hydroclimate response to projected large-scale circulation changes. Overall warming will be associated with changes in large scale atmospheric circulations and moisture, but it is critical to quantify these 15 changes and to examine consequences on smaller scale features. The article is comprised of key outcomes from completed studies, new analyses as well as an overall synthesis.
The article is organized as follows. Section 2 provides a summary of model datasets and analysis, Sect. 3 examines issues at seasonal scales, Sect. 4 addresses phenomena in more detail within the cold season, spring and early summer, as well as 20 summer periods. Section 5 presents a synthesis and Sect. 6 contains the concluding remarks and sets the stage for the second article focused on surface-related issues.
Model datasets and analysis
Given that the main objective of this article is to attain a deeper and more coherent understanding of different regional aspects of climate change in western Canada, we adopt the notion that climate change alters large-scale circulations that govern much 25 of the climate variability at regional scales. This premise provides a perspective for analyzing the CMIP5 data. Monthly projections using the RCP8.5 scenario from 39 CMIP5 models were analyzed to gain insight into the cascading processes that link regional responses to changes in the large-scale circulations. In particular, this information was used to generate ensemble mean, median as well as the top and bottom 25
th percentile values. The evolution of several standard and derived variables over the 21 st century were evaluated and there was a particular focus on differences between mean 2081-2099 and mean 2000 values.
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10
Global climate model (GCM) information is essential but additional datasets are needed because the analysis considers regional and storm scales. New analyses were conducted by using regional data to fill in critical research gaps that had not been addressed in previous regional studies. Those include traditional dynamically downscaled regional and storm scale datasets such as CRCM5 (Canadian Regional Climate Model version 5, Martynov et al., 2013 and Šeparović et al., 2013) , NARCCAP (North American Regional Climate Change Assessment Program, Mearns et al., 2013) , NCEP/NCAR (National Centers for 15
Environmental Prediction/National Center for Atmospheric Research) re-analysis (Kalnay et al., 1996) , and Environment and Climate Change Canada (ECCC) weather station information.
In addition, the pseudo-global warming (PGW) approach described by Liu et al. (2016C) is used to examine the impact of thermodynamic forcing on recent patterns and phenomena. Simulations were carried out with the WRF (Weather Research 20 and Forecasting) model version 3.6.1 at 4 km spatial resolution for the period 2000 and then repeated under an assumption of PGW (2071-2100). The projections utilized a multi-model ensemble-mean change signal under the RCP8.5 emission-scenario and covered a substantial portion of North America but only up to approximately 55-57°N; this dataset is referred to as WRF HRCONUS (High-Resolution Contiguous United States) as described by Liu et al., (2016C) .
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As appropriate, the historical period is generally considered to be 1981-2000 although some Fourth Assessment Report (AR4) analyses have used 30 year averages with 1971-2000 as the base period. As noted above, the historical period used with WRF is limited to 2000 3 Large and regional scale patterns
Autumn
Projected mid-tropospheric (500 hPa) circulation changes resemble a westward shifted negative PNA pattern (Fig. 2a) . In particular, an anomalous trough is projected to occur above British Columbia/Yukon and extending into the Pacific off the west coast of the U.S. while an anomalous high is projected to occur over the southwest vicinity of the Aleutian Islands. These 5 circulation anomalies, as well as those to be discussed below for other seasons, are deep structures that extend to the top of the troposphere. Similar circulation patterns are typically found during negative PNA conditions with an anomalous low centered above the southern Prairies, and a high above the Aleutians. Corresponding changes in anomalous mean sea-level pressure (MSLP) include a projected high centered just east of the upper high and a trough that extends from the Arctic Ocean into central north Canada. Circulation changes at higher levels effectively reduce the waviness of the upper flow and jet stream, 10 and thus reduce the potential for synoptic scale disturbances that might affect western Canada. Although inter-model spread as measured by the interquartile range is large, a decreasing trend of SON PNA index, especially at around mid-century, is exhibited in most model projections (Fig. 3a) .
Projected regional climate responses to the circulation changes are consistent with those found during negative PNA, but 15 shifted in association with the projected circulation features. For example, enhanced cold air advection into northwestern Canada is induced by the anomalous flow associated with the surface North Pacific high. However, due to the westwardshifted location of the high, the cooling is limited to northern regions when compared to typical negative PNA conditions. The surface high also enhances low-level flows towards the Pacific coast of Canada, which when combined with the upper low over British Columbia, would substantially enhance precipitation over the coastal regions (Fig. 2d ). The enhanced cross-barrier 20 flow and associated precipitation induces subsidence and adiabatic warming over the Prairies (Szeto, 2008) . The warming over the south and cooling over the north effectively reduces the S-N gradient of net anthropogenic warming (Fig. 2c ) and offsets its negative impacts on the low-level background baroclinicity and synoptic storms in southwestern Canada.
Quasi-geostrophic theory (e.g., Holton, 1979) predicts that cyclone activities would be enhanced in the downstream vicinity 25 of the upper anomalous trough, i.e., over southwestern Canada. Despite the potential increases in autumn cyclones and atmospheric moisture in the warming environment, Prairie precipitation is projected to increase by only ~10%. This is likely related to the significant depletion of Pacific moisture over the coastal mountains and enhanced lee-side subsidence that are associated with the enhanced cross-barrier flow discussed earlier. As a result, although the precipitation increase is statistically significant (i.e., the increase is larger than the natural variability of historical precipitation for the region), it is substantially 30 lower than the rate predicted by Clausius-Clapeyron scaling (~24%, based on temperature increases over the North Pacific and Atlantic Oceans, the main moisture source region for autumn Prairie precipitation). These results indicate that the complex topography of the region could play an important role in affecting the autumn precipitation over the Prairies under this warming scenario.
Winter
The winter anomaly pattern is projected to be characterized by a pronounced upper low centered in the eastern Pacific and enhanced ridging over central northern Canada (Fig. 4a) . In contrast to projected SON changes, the circulation change 5 resembles an eastward-shifted positive PNA pattern. In fact, an increasing trend in the DJF PNA index, particularly during the mid-century, is exhibited in most model projections (Fig. 3b) . These results might be related to those of Zhou et al. (2014) who showed that the eastward shift of tropical convective anomalies under climate warming would cause the ENSO-forced winter PNA pattern to move eastward and intensify. These projected changes effectively enhance the waviness of the upper flow and jet over the North Pacific by strengthening and broadening the North Pacific upper trough towards the west coast of 10 the U.S. while broadening the climatological upper ridge and making the flow more zonal over northwestern Canada. Some changes at the lower levels ( Fig. 4b ) are similar to those found in positive PNA conditions with an anomalous trough extending from the Aleutians into areas off the west coast of North America. But, a strong anomalous surface ridge that is typically located over the western U.S. under positive PNA conditions is projected to be centered over southwestern Canada.
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Similar to positive PNA conditions, the low-level high-low couplet allows the warm Pacific air to be advected into Yukon and the Mackenzie basin. On the other hand, the reduced onshore flow could decrease the precipitation along the British Columbia coast and the associated weakening of adiabatic warming and lee-cyclogenesis over the southern Prairies. These combined effects enhance the S-N anthropogenic warming gradients (Fig. 4c) , weaken the background surface frontal zone, and contribute to the development of the anomalous surface ridging in the region. For example, the mean DJF N-S near-surface 20 temperature gradient over the southern Prairies is projected to decline by ~25% towards the end of the century. In addition, the weakened mean upper northwesterly flow over northwestern Canada reduces the number of North Pacific systems that enter Alaska to migrate down to the southern Mackenzie basin. Collectively, these changes in circulation and dynamic features are expected to reduce the frequency and intensity of weak cyclones that typically affect the region in winter.
25
Despite these considerations, winter precipitation at the end of the century is projected to increase by approximately 19% over the Prairies and by larger amounts at higher latitudes. This 19% increase in precipitation is slightly lower than the rate predicted by the Clausius-Clapeyron scaling (~22%, based on temperature increases over the north Pacific and Atlantic Oceans). This result can be explained by considering the anomalous upper and low-level troughs projected to occur off the U.S. west coast which allow more moisture-laden Pacific systems to develop and affect the western U.S., as reflected in the enhanced troughing 30 and precipitation projected over this region (Figs. 4b and d) . With the weakened mean upper northwesterly flow over western Canada, some of these moisture-laden southern systems would be able to track into the Prairies and produce more frequent extreme winter precipitation events. ) only increases marginally from 743 days during 2006-2020 to 778 days during the last 15 years of this century, the corresponding frequency of extreme precipitation days (daily P > Pc, the 99 th percentile of daily P during 5 DJF 2006-2020) increases from 10 to 29. In addition, although the mean frequency of extended (longer than 1 day) precipitation events hardly changes between the two periods (157 versus 158), the frequency of extended extreme precipitation events (multi-day events with daily P > Pc) increases 5-fold from 0.6 to 3.3 between these 2 periods.
Spring
The most prominent circulation anomaly feature is the quasi-stationary upper low centered over the northwest U.S. (Fig. 5a) . 10
This large-scale setting favours the development of cyclones that bring warm-season precipitation to southwestern Canadian regions (Szeto et al., , 2015 (Szeto et al., , 2016 . The intensity of the low can be quantified by the H-index as detailed in Szeto et al. (2016) and the development of this feature is shown in Fig. 6 . The low is a robust feature projected by most models (Fig. 6a) .
The magnitude of the low (i.e., negative H-index) is projected to intensify until ~2060 when it becomes stabilized. At the lower levels, the S-N warming gradient is relatively weak (Fig. 5c) , and thus has little effect on the mean frontal zone across the 15 southern Canadian regions. As a result, cyclone activity that affects the region is expected to increase, as reflected in the anomalous N-S surface trough that extends from Hudson Bay into the eastern Prairies and central U.S. (Fig. 5b) .
Consequently, spring precipitation is projected to increase significantly over southern Canada in general (Fig. 5c ). For example, Prairie MAM precipitation increases by 26%. In fact, spring is the only season with projected P increase larger than the rate 20 predicted by the Clausius-Clapeyron scaling (~21%, based on the temperature increase over the Pacific and Atlantic Oceans).
This Prairie spring precipitation is projected to increase starting from the 1990s and continue until around 2060 (not shown) following the stabilization of the anomalous upper low. It is noteworthy that the predicted intensification of the upper low and associated increasing trends of mean and extreme precipitation over the eastern Prairies during the turn of the century are also evident in observations (Szeto et al., 2015) . 25 Results from the analysis of daily Prairie precipitation provide further insight into the regional precipitation response to the circulation change. In particular, the frequency of extreme precipitation days (daily P > Pc, where Pc is the 99 th percentile of daily P during MAM 2006-2020) doubles from 10.5 days during the early-century period to 20.4 days towards the end of the century (2086-2100). In addition, although the mean frequency of extended precipitation events hardly changes between the 30 two periods (153 versus 156), the frequency of extended extreme precipitation events increases 3-fold from 1.2 to 3.7 between these 2 periods. Although both the DJF and MAM results suggest substantial future increases in extreme precipitation events, it is noteworthy that, although the relative seasonal precipitation increase for MAM is higher, the increase of extreme precipitation event frequency is somewhat higher for DJF. The apparent discrepancy is likely related to the difference in the model ensembles (21 vs 39 members for daily and monthly analysis, respectively) that were used in the assessments.
The long-term mean upper low anomaly would allow more upper low systems to enter the continent through the northwest U.S. Analysis of historical extreme Prairie precipitation events (not shown) suggest that the location of heavy precipitation is 5 sensitive to the location of the upper low due to the topography that characterizes the region. In particular, strong upslope rainstorms over southern Alberta, similar to the one that caused the 2013 Calgary flood (Liu et al., 2016A; Kochtubajda et al., 2016) , could result from upper lows that are located over the northwest U.S., whereas flood producing extreme rain events over the eastern Prairies (see for example, Brimelow et al., 2014; Szeto et al., 2015) could result from upper lows that were centered only slightly to the east. Furthermore, some systems that track slowly across the region could bring extreme 10 precipitation to both the eastern and western regions (e.g., Szeto et al., 2011) . When combined with the increased winter precipitation and earlier snowmelt and freshet in a warmed climate, the expected increase in extreme spring precipitation could substantially increase the risk of extreme Prairie spring floods over both the western and eastern Prairies.
Summer
In contrast to the projected spring conditions, the most prominent circulation anomaly feature is the quasi-stationary upper 15 high centered over the northwest U.S. and southern British Columbia (Fig. 7a ). This blocks cyclones that bring warm-season precipitation to southwestern Canadian regions. The decreased summer cyclone activity is also reflected in the anomalous N-S surface ridge over the western continent (Fig. 7b) . Schubert et al. (2016) had previously pointed out that SST values over the Pacific also affect precipitation deficits over the continent, and Li et al. (2018) C over the following 50 years (by 2100) along with even stronger warming over its southern vicinity. As a result, a "hot spot" with maximum summer warming that extends into southwestern Canada is projected to be induced under the upper high (Fig. 7c) . The projected large-scale changes induce a significant decrease in precipitation over 30 the Great Plains (Fig. 7d ). In accordance with the temporal development of the upper high, the Prairie JJA precipitation is projected to remain rather constant until approximately 2070 and then decrease by 5% towards the end of the century. Although this is not a significant decrease, summer is the only season with projected reduction in precipitation over the study region. In The reduction in summer precipitation, along with the enhanced evapotranspiration induced by the strong surface warming could increase the potential for summer drought and wildfires over western Canada. Increases in surface sensible and latent 5 heat fluxes that would accompany the projected strong warming could also enhance convective activity. On the other hand, the projected upper high is expected to suppress convection when fully-developed. As a result, it is not clear how summer convection might change during the mid-to-late century; it may be enhanced or suppressed.
Examination of critical phenomena
Although Sect. 3 addressed numerous phenomena, three overarching categories were investigated in more detail. They are 10 organized under cold season, spring and early summer, as well as summer issues.
Cold season and near 0°C conditions
The location of the 0°C isotherm is a critical aspect of this region's climate. It is closely linked with the melting of snow at the surface which in turn affects albedo and land-atmospheric energy exchange (Jennings et al., 2018) . Precipitation near this temperature furthermore varies greatly in occurrence and type and can be linked with major hazards (e.g. freezing 15 precipitation). Changes in these features are examined here.
0°C isotherm movement and pattern
In association with overall warming, the near 0°C region will move northward. To quantify this, monthly average locations of the 0°C isotherm were calculated from different model datasets. The NCEP/NCAR re-analysis was used to compute locations (2046-2055, 2066-2075, 2086-2095) to the NCEP/NCAR climatology. Locations of the isotherm for each ensemble member were estimated by interpolating air temperatures onto a 1 degree by 1 degree latitude-longitude grid.
Results of these calculations are shown for two months (March and November) that illustrate some of the greatest movements 25 (Fig. 8) . In central regions of the country, the movement of the 0°C isotherm is of order 50-100 km per decade (especially in November) although it is much less in some areas of high terrain in the Western Cordillera. The high terrain means that the near 0°C region would move vertically but little horizontally. Note that there is considerable variation between models in the actual locations of this isotherm. Some of the narrowest spreads occur in the interior of the country, far from oceans and mountains. In the western Cordillera, the spread is large in part due to different regions having high terrain which strongly influences the locations of this isotherm. Oceanic regions also exhibit large spreads with the East Coast and Hudson Bay being impacted by variable sea ice cover.
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This large spread in the projected western Cordillera patterns is accentuated when considering whether rain or snow will fall.
For example, in the Kananaskis area of the Alberta foothills, a mixture of rain and snow has been observed at temperatures as high as 9°C in some events, whereas it only occurred below 2-3°C in others (Thériault et al., 2018) . Critical factors behind such varying observations are the atmospheric moisture content and the density of the falling solid precipitation. For example, high (low) values of moisture content and low (high) values of particle density lead to rapid (slow) melting and a low (high) 10 upper temperature threshold. However, particle density may be high if the moisture content is as well due to a greater likelihood of supercooled droplets aloft that can accrete onto solid particles. Such factors including their inter-connections make the determination of the rain-snow transition a challenging issue even in the present climate, let alone the future one.
The character of the near 0°C regions over generally flat terrain will also change. Surface observations and the WRF CONUS 15 dataset (described in Sect. 2) were examined at several locations across the domain to illustrate these changes. An example is Winnipeg, Manitoba (Fig. 9) . As shown by the observations, the annual cycle of its near 0°C conditions (temperature in the range -1°C ≤ T ≤ 1°C) is characterized by no occurrences in summer and only a few mid-winter. But there is considerable variability including onset times in the autumn, cessation times in the spring, and the overall annual number. Precipitation can be linked with the events and, when present, it tends to occur towards the 'winter' side as opposed to the 'summer' side. A 20 similar comment applies to the timing of the top 5% in terms of duration. The 'summer' side events are mainly linked with the diurnal cycle with daytime temperatures above 0°C and nighttime ones below; temperatures pass quickly through 0°C. In contrast, events occurring on the 'winter' side tend to be linked with frontal systems and therefore are associated with precipitation. Temperatures may rise to just above 0°C. Such conditions would also melt some of the snowpack when temperatures are above 0°C and freeze melt water when below; both processes act to maintain temperatures near 0°C through, 25 respectively, cooling and heating by the latent heat of fusion. WRF CTRL tended to be somewhat warmer (colder) in the warm (cold) months than the observations, as discussed by Liu et al. (2016A) . This led to fewer near 0°C regions on the 'summer' side of the model's annual cycle.
The annual cycle of near 0°C conditions is projected to undergo change. As expected, there will be a longer period in the 30 summer without such conditions under PGW; such an increase has been well documented across Canada (Bonsal and Prowse, 2003) . From the WRF CTRL to PGW, the last day in the spring with near 0°C conditions occurred earlier by an average of 16 days, and first day in the autumn with near 0°C conditions occurred later by an average of 18 days. In contrast, transition regions occurred more frequently in mid-winter. WRF CTRL simulated too few hours near 0°C (4606 rather than 5623
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2019-51 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 12 February 2019 c Author(s) 2019. CC BY 4.0 License. observed) but WRF PGW simulated 5372 hours. Consequently, the projected future number of hours of occurrence actually increases, although its maximum duration does not change. Precipitation infrequently occurred with near 0°C conditions (18% and 21% of events in the observations and WRF CTRL, respectively) but this fraction increased substantially (28%) in the moister PGW projections. When precipitation did occur, it continued to be mainly on the 'winter' side of the seasonal distribution and, in these precipitation events, the fractional occurrence of the different types of precipitation was relatively 5 constant with snow always dominating (approximately 60% of occurrences).
Freezing rain
The movement of near 0°C conditions must be linked with changes in freezing rain occurrence. This type of precipitation, not even considering its accumulation, is difficult to simulate and project into the future. Atmospheric factors driving its formation over the CCRN region even include chinooks (Kochtubajda et al., 2017a) ; surface factors include the degree of sea ice over 10
Hudson Bay that, when present, acts to maintain the necessary cold near-surface temperatures. The generally low occurrence of freezing precipitation, in comparison with other regions, is partially attributable to particle sublimation or evaporation below cloud (Kochtubajda et al., 2017a) .
To assess future changes in the occurrence of freezing rain, the fifth generation of the Canadian Regional Climate (CRCM5) 15 model with a 0.44° grid mesh was used (Fig. 10 ). CRCM5 was driven by the GCM from the Max-Planck Institute for Meteorology Earth System Model (MPI-ESM-MR) for the 1981-2000 and 2081-2100 periods using the RCP8.5 scenario (Moss et al., 2010) . Freezing rain was diagnosed using the technique developed by Bourgouin (2000) ; this approach is used operationally at ECCC. Results shown in Fig. 10a indicate that the model driven by MPI-ESM-MR reproduced the general pattern of the mean annual number of hours of freezing rain over the domain and basically shows the same features as a 20 hindcast simulation driven by reanalysis data (not shown) but somewhat weaker. The main differences are a strong negative bias west of the Hudson Bay as well as in an area stretching from northern Alberta to southern Manitoba. This latter area is likely due to the cold bias for that region as suggested by Šeparović et al. (2013) ; it is produced by the cold sea surface temperature bias in Northern Pacific in the driving data. Occurrence patterns of freezing rain over the annual cycle have also been organized into regimes (Kochtubajda et al., 2017a) 30 and their locations may also change. Five regimes are possible and range from too cold everywhere (regime 1) to too warm everywhere (regime 5). Over the CCRN region, almost all locations are in regime 4 (freezing rain does not occur during summer but can in any other month) but higher latitudinal locations are either in regime 2 (only occurs in summer) or region 3 (does not occur in at least one summer and one mid-winter month). With climate warming, these northern locations may shift into higher-numbered regimes. For example, at Resolute, Nunavut at 74.7°N (regime 2), freezing rain only occurred during 5, 1-hour events in July over a 42-year period (1964-2005) and these were associated with subfreezing surface temperatures ≥ -1.8°C. If these temperatures had just been > 0°C, rain would have been reported and Resolute would be in regime 3. 5
Spring and early summer flooding
Flooding often occurs across this region in the spring and early summer. Two such areas are in the western and eastern Prairies and each has experienced devastating events recently. Future aspects of these floods are examined here from an atmospheric perspective.
Alberta upslope precipitation and flooding 10
As described in Sect. 3, the enhancement of troughing over the northwest U.S. is critical for localized precipitation in southern Alberta. This applies to the catastrophic flooding that occurred in June 2013 Liu et al., 2016A; Kochtubajda et al., 2016; Li et al., 2017) . This event arose in large part through numerous atmospheric factors ranging from the large scale conditions down to precipitation distributions over the affected basins.
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The location of the anomalous upper low in this event was similar to those associated with observed extreme rainstorms over the western Prairie . As such, at least some of the extended extreme precipitation events that are projected to occur during MAM (Sect. 3.3) could be expected to be associated with precipitation extremes over the western Prairies.
Although coarse-grid CMIP5 models are not able to accurately simulate the complex feedback processes that are critical in development of such storms , such events have been simulated successfully with high resolution cloud-20 resolving models such as the WRF (Li et al., 2017) . Hence an analysis of WRF PGW information to examine how the characteristics of these storms might change in a warmed climate is justified and warranted.
The WRF CONUS information is shown in Fig. 11 . Temperatures increased from the CTRL to the PGW simulations by an average of 4.2°C. Over the CCRN domain, increases were most dramatic in the extreme southern part of Alberta 25 (approximately 6°C) as well as along the continental divide (approximately 5°C). The former warming would have led to a sharpening of the surface front across southern Alberta (Liu et al., 2016A) with regions to its south warming approximately 2°C more than over regions to its north. Although the large scale forcing was unchanged under PGW assumption, the embedded frontal structure was enhanced.
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Precipitation increased by 7.7% over the domain shown in Fig. 11 . But, there were wide variations with some regions experiencing a substantial decrease (> 50 mm). The enhanced frontal region over southern Alberta was associated with greater precipitation but both increases and decreases occurred along the continental divide to its west. Both the CTRL and PGW simulations reproduced the front-parallel intense convective precipitation bands that occur just ahead of the surface warm front that were observed in Liu et al. (2016A) and Kochtubajda et al. (2016) . As evident in Fig. 11 , the precipitation enhancement in PGW is largely associated with the stronger frontal convective bands that were simulated in the warmed environment.
Although the detailed involved mechanisms are not clear yet, these results suggest that the atmosphere's response to 5 frontogenesis was enhanced with the imposed large-scale atmospheric warming and moisture increase to induce mutualamplifications of both frontogenesis and frontal precipitation development.
Although there were substantial variations under the warmer and moister environment, it is important to determine whether similar features were associated with the production of large amounts of precipitation. The locations of precipitation maxima 10 in the observations, CTRL simulation and PGW simulation were all in the Alberta foothills east of the continental divide. The CTRL maximum value was not at the observed Burns Creek location (Kochtubajda et al., 2016) but it was only 16 km away (to the southeast); the PGW maximum value was still just 50 km away (to the northwest). The temporal evolution of precipitation at these locations was also similar; precipitation initially occurred at high rates followed by long-lasting, lower values. At these locations, precipitation at the surface was always rain, the peak in precipitation rate was always linked with 15 graupel as well as snow aloft, and snow aloft dominated at all other times. The peaks in precipitation rate were also associated with the highest values of CAPE (convective available potential energy).
The PGW results suggest that the severity and impacts of western Prairie floods that are produced under similar synoptic conditions could be substantially increased under climate change although similar patterns are associated with the greatest 20 precipitation in the Alberta foothills. Due to the significance of such implications, further studies are warranted of the attendant storm-scale processes that were involved in producing the results, and whether more sophisticated modeling approaches than PWG are required to better simulate the impacts of warming on such and similar storms.
Eastern Prairie floods
Large to synoptic scale atmospheric forcing is critical to the likelihood of spring and early summer flooding over the eastern 25
Prairies. In particular, persistent atmospheric patterns often bring extended periods of precipitation extremes, either wet or dry, depending on location across the region relative to the circulation pattern (Brimelow et al., 2014; Brimelow et al., 2015; Szeto et al., 2015) . Such persistent patterns were linked with spring or early summer rainfall that contributed to flooding on the Assiniboine River in 2011 and 2014; this precipitation also coincided with snow melt.
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A few studies have examined how such persistent patterns are expected to change across different regions of the Prairies. Szeto et al. (2015) found that persistent patterns conducive to eastern Prairie spring and early summer enhanced precipitation and flooding may become more pronounced. Using 500 hPa output from several RCM/GCM combinations, Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2019-51 Manuscript under review for journal Hydrol. Earth Syst. Sci. (ARB), respectively. Most of the models simulated general features of observed circulation patterns, and these also occur in the future but with some changes to their average frequency. However, there was considerable inter-model variability.
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Flooding events in Canada are often associated with numerous factors (including extreme precipitation) that occur in combination. For example, one critical aspect of the 2014 Assiniboine flood was a cool spring followed by rapid snowmelt combined with above normal precipitation (Szeto et al., 2015) . MAM temperatures were approximately 2. 
Summer severe conditions
Summer across the region is typically linked with severe conditions. These range from widespread drought to severe thunderstorms. Their combination can furthermore be key factors linked with forest fires. Expected changes in these phenomena are examined here. 
Drought
The projected large-scale summer changes (Fig. 7) are expected to impact future drought conditions. Given that past droughts over western Canada have been associated with a persistent mid-tropospheric (500 hPa) large-amplitude ridge centered over the area (e.g., Bonsal et al., 1999) , it is anticipated that the quasi-stationary anomalous upper high centered over the northwest U.S. and southern British Columbia (Fig. 7a) will result in more drought-like conditions in this region. Some evidence for 5 these changes was found by and indicated an uncertain future ranging from a substantial increase in drought, with a higher degree of inter-annual variability, to relatively no change from current conditions. Farther north in the ARB, projections revealed an average change toward more 10 drought-like summer conditions, but there was a substantial range among the climate models. Over a larger study area that included all western Canadian river basins, Dibike et al. (2018) incorporated six CMIP5 GCMs to assess future SPEI changes on annual and summer scales for the periods 2041-2070 and 2071-2100 (relative to 1971-2000) using RCP4.5 and RCP8.5 emission scenarios. They found that southern watersheds showed a gradual increase in annual water deficit throughout the 21st century whereas the opposite was true for northern basins. In contrast, for summer, all river basins with the exception of 15 the extreme northern ones were expected to experience decreasing water availability.
A comprehensive Canada wide drought study assessed changes in the SPEI using outputs from 29 CMIP5 models (Tam et al., 2018) . In agreement with Fig. 7 , results showed strong relative summer drying during the 21 st century over much of western Canada including interior southern British Columbia, as well as west-central portions of the country from the Prairies to the 20
Arctic. In addition, the frequency of extended relatively dry periods (e.g., consecutive years that are characterized by strongly negative summer SPEI) is projected to increase markedly during the second half of this century. Compared to other locations in Canada, the southern Prairies exhibit the largest likelihood of extended severe drought during the latter part of this century under the RCP8.5 scenario (Fig. 12a) . The intensification, following approximately 2050, is consistent with the accelerated intensification of the upper ridge during the second half of the century (Fig. 7a) . 25 On annual scales, a dry-south-wet-north pattern characterizes projected drought changes over the CCRN domain (see Fig. 12b for drying over the south) (Tam et al., 2018) . This pattern is largely accounted for by the combined results of projected dry conditions during the summer and autumn over southern regions, and the projected wet conditions during winter and spring over the northern and coastal regions of Canada. The projected surface water deficit during summer and autumn would thus 30 play a dominant role in affecting the future annual water budget over the southern domain. An important issue concerning drought is its future intra-seasonal character. Many droughts tend to be hot with almost no precipitation. In contrast, others are not associated with especially elevated temperatures and can even have cool periods (Stewart et al., 2012) , can have rain showers (Evans et al., 2011) , and/or experience occasional large precipitation events that may or may not increase in a warmer world (as discussed in Sect. 4.2.2). Such differences in character can substantially affect their impact but the CMIP5 information does not have sufficient resolution to resolve this issue. 5
Convection and hail
The analyses have so far largely examined expected changes by the end of the century. But many of these tend to become more pronounced with time. An important issue is to examine change by mid-century when, as discussed in Sect. 3.4, dry conditions are not expected to be so dominant over the southern Prairies (Fig. 12 ).
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To address this, the NARCCAP historic (1971 to 2000) and mid-century future (2041 to 2070) model output (Mearns et al., 2013 ) was used to assess future changes in hail as well as total and convective precipitation over the Canadian Prairies, southern Northwest Territories and U.S. northern plains. Convective precipitation is defined to occur when the model convective scheme is triggered to release latent energy and convective instability through simulated vertical motion and total precipitation is the sum of non-convective and convective precipitation production processes. Brimelow et al. (2017) consistent with other research over the region of interest (e.g. Mailhot et al., 2011; Mladjic et al., 2011) . It is not known why the MM5-HadCM3 shows large increases over Lake Winnipeg and western Lake Superior; this could be due to an overactive convective parameterization and/or evaporation scheme, since this also appears in the convective precipitation field, shown next. It is of interest to note that only the precipitation change pattern in HRM3-HadCM3 is comparable to the one generated with CMIP5 RCP8.5 results for the same future period (not shown). change in central Saskatchewan. MM5-CCSM and MM5-HadCM3 show the most dramatic increases, whereas the HRM3-HadCM3 shows the weakest; it is not known why, although it is likely due to differences in how convection is treated. The MM5 model pairs also show consistent increases (10-60 mm) in the southern Northwest Territories and across the U.S. northern plains while the HRM3-HadCM3 has little to no change in convective precipitation in those same areas. These results are consistent with general increases in CAPE and surface dew points in a warming climate scenario over much of the Prairies 5 (Brimelow et al., 2017) .
The future occurrence of hail is also important. A recent study by Brimelow et al. (2017) highlighted future changes (2041-2070 minus 1971-2000) in hail character over North America based on simulations from a one-dimensional cloud-hail model (HAILCAST) forced with the same three NARCCAP model pairs discussed above (Mearns et al., 2012) . Over the CCRN 10 domain, results show that the number of hail days generally decline in Manitoba and Saskatchewan in summer (JJA), while increases occur in the western half of Alberta and extreme southwest Northwest Territories (see Brimelow et al., 2017 Fig 1) .
Over much of Alberta and southwest Northwest Territories, there are general increases in accumulated kinetic energy (AKE) and maximum hail size, even in some regions where the number of hail days does not change in the future (see their Fig 2) .
That is, when it does hail, it will potentially be larger and more destructive (larger AKE). Parts of Saskatchewan and central 15 to northern Manitoba may also see increases in AKE and hail size even though the number of hail days decreases. This is thought to be primarily due to more moisture and energy available to summer storms when they do occur (Brimelow et al., 2017) .
A more detailed analysis of summer (JJA) future hail changes was carried out for the major cities on the Prairies (Winnipeg,  20 Regina, Saskatoon, Calgary and Edmonton) using the same dataset as Brimelow et al. (2017) . Changes in occurrence frequency versus hail size were examined for each city (no figures are shown). Several model grid points were used to represent each city within a 50 km radius of the city's latitude-longitude center. Results are broadly consistent with the findings of Brimelow et al. (2017) . No statistically significant (with 90% confidence) changes in hail character (median hail diameter and median AKE) take place in Winnipeg and Regina, based on the Wilcoxon Rank Sum Test, whereas significant decreases in median 25 hail diameter (by 1 cm) and median AKE (by 1-2 J) occur in Saskatoon. General increases in median hail diameter (by 0.5 -1 cm) occur in Edmonton and Calgary, however, changes in AKE are mixed depending on the NARCCAP model pair used for each city.
Overall, the mid-century results from these NARCCAP regional model studies are largely consistent with the earlier CMIP 5 30 discussion (Sect. 3.4) on the evolution of convection over the region. Parts of the Canadian Prairies may see slightly increased total precipitation with much of this due to more convective activity, however, parts of Saskatchewan may experience no change or slightly less total precipitation despite no change or slightly greater convective precipitation. 
Lightning
As indicated in Sect. 3.4, convection may be enhanced or suppressed by the end of the century. A related issue is lightning.
Since long term observations by satellite-based or ground-based lightning location systems of lightning do not exist, studies assessing past trends have used thunderstorm day records. Trends have varied around the world (Changnon and Changnon, 2001; Pinto et al., 2013) . To our knowledge only one such study has been carried out within Canada. Huryn et al. (2016) 5 examined nine weather stations across southern Ontario and reported significant trends in thunderstorm occurrence at four of the stations. No research has yet been done over the CCRN region in terms of past trends in days with lightning.
Several studies and climate model simulations have reported lightning activity increases in a warmer climate. For example, Price and Rind (1994a,b) used the Goddard Institute for Space Studies general circulation model to estimate the effect of a 10 2xCO2 climate on global lightning. They used a power function of cloud-top height as a proxy for lightning activity and reported an approximate 5-6% change in global lightning for every 1°C of temperature change. Michalon et al. (1999) subsequently extended the Price and Rind (1994a) cloud-top height parameterization by taking into account the role of cloud droplet concentrations on lightning. Their CO2 doubling simulations suggested a 10% increase in global lightning for a surface warming of 2°C. Romps et al. (2014) used the product of the precipitation rate and the convective available potential energy 15 as a proxy for lightning flash rates to assess how future warming will affect lightning over the contiguous U.S. An ensemble of 11 GCMs predicted an increase in lightning strikes at a rate of 12 ± 5% for every 1°C of warming. Based on Romps et al. (2014 ), IPCC (2014 pointed out an expected increase in the occurrence of extreme events could include lightning.
Recently, an upward cloud ice flux parameterization was added to a chemistry-climate model to simulate future lightning in 20 2100 under the RCP8.5 scenario (Finney et al., 2018) . Comparisons to the cloud-top height parameterization (Price and Rind, 1994a) were also made. Globally, the ice flux scheme projected a decrease in lightning activity largely due to a large reduction in the tropics. This is in contrast with the cloud-top height scheme which projected a global increase. Over the CCRN region, the ice flux scheme projected an increase at latitudes above approximately 60°N, in agreement with Price and Rind (1994a) , but a decrease of 0.1 -10 fl km -2 yr -1 (not statistically significant) over some parts of the Prairies which differs from Price and 25 Rind (1994a) .
Studies examining future lightning have not addressed polarity. Generally, an overwhelming majority of strokes are negative although this is not always the case (Logan, 2018) . Any alteration in the relative distribution of polarity can have a major impact on the likelihood of wildfire initiation with positive strokes generally leading to a greater likelihood of fire 30 ignition. Several studies have suggested that wildfire smoke can actually alter the microphysical factors governing precipitation and lightning production processes resulting in and an increased fraction of positive cloud-to-ground flashes (Lyons et al., 1998; Murray et al., 2000; Fernandes et al., 2006; Altaratz et al., 2010; Kochtubajda et al., 2011) . Lightning occurring with relatively little or no accompanying rainfall, known as dry lightning (Rorig and Ferguson, 1999) , is of particular concern as an ignition source for wildfires. Such events arise from thunderstorms with, for example, high cloud bases and dry sub-cloud conditions which lead to the evaporation of the falling precipitation (virga). One study combined lightning observations with atmospheric conditions to specify large-scale environments favourable to its occurrence 5 in Australia (Dowdy, 2015) . This technique was then applied to GCM scenarios to examine future dry lightning activity over Australia; results suggest considerable seasonal and spatial variability of the projected changes in environments favorable to dry lightning occurrence.
Wildfires
Fire activity is influenced by three factors; fuels, ignition sources, and weather conditions (Flannigan and Wotton, 2001 ). The 10 number of wildfires and areas burned over the CCRN region has varied dramatically from year-to-year. For example, the Northwest Territories on average experiences 279 fires, which consume nearly 5,700 km 2 annually. During 2014, a record 33,900 km 2 burned (Kochtubajda et al., 2019) . As well, in early May 2016, Canada's costliest natural disaster and Alberta's third largest fire event in its history occurred around Fort McMurray. A rare feature reported during this event was that lightning from a pyrocumulonimbus cloud ignited four fires (Kochtubajda et al., 2017b ). 15
The findings described in previous sections of this article are consistent with an increase in wildfires in the future. Higher temperatures and more drought are expected. More lightning may also occur but little is known about some of its future features that are linked with wildfire ignition.
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Overall, the likelihood of more wildfires is consistent with previous studies. For example, Flannigan et al. (2005) and Flannigan et al. (2009) expected that wildfires will increase throughout the Northern Hemisphere in a warmer climate. Mann et al. (2017) pointed out that, as the future climate warms, northern latitudes are projected to experience greater persistence of large scale circulation patterns that can be conducive to wildfires. Wildfire occurrence and its future impacts on terrestrial ecosystems, cryosphere, and hydrological functioning are addressed in more detail in part two of this review and synthesis. 25
Synthesis of future conditions
The preceding information has examined large scale expected seasonal change as well as its impact on smaller-scale events with a focus on physical processes and inter-connections. The basis for this insight rested on new research findings as well as published articles. This insight is pulled together into conceptual frameworks largely applicable to the end of the century (Fig.   15) . 30
Hydrol. Earth Syst. Sci. Discuss., https://doi.org /10.5194/hess-2019-51 Manuscript under review for journal Hydrol. Earth Syst. Sci. Based on this insight, the future climate is expected to include substantial change. This includes strong and distinct seasonal dependence of large-scale dynamic drivers and a general increase in 'intensity' of these drivers. Upper level and surface patterns sometimes conspire, for example, to increase cyclonic activity but reduce it in other seasons. This overall setting is expected to have major impacts on regional and local scales. These include patterns in hydroclimatic responses that vary with season. In particular, the expectation is for greater excesses and deficits of precipitation as well as its intensity and character. 5
There will also be distinct shifts in events directly related with temperature including those near 0°C.
These expected changes can be summarized seasonally. In autumn, the projected upper air circulation change resembles a westward-shift negative PNA pattern that leads to more frequent but generally weaker frontal cyclones, and associated increases in precipitation and freezing rain, over the southern CCRN region. In contrast, upper circulation change that 10 resembles an eastward-shifted positive PNA pattern is projected for winter. The frequency of weak winter cyclones would be reduced but more intense, major snow storms over the southern CCRN region is expected. In spring, a pronounced upper low anomaly just southwest of the CCRN region will be conducive to more cyclonic systems and precipitation and more likelihood of spring flooding. In summer, a pronounced upper level high pressure anomaly to the southwest of the CCRN region will be linked with a greater likelihood of somewhat decreased precipitation as well as drought and forest fires. 15
Information on the timing of change is critical for the development of effective mitigation and adaptation measures. Analyses of the time evolution of regional hydroclimate responses show that the development of many hydroclimate variables and extremes (e.g., extreme Prairie drought) is projected to be accelerated near mid-century. The new insights gained on the physical relationships between the large-scale and regional responses to climate change allow us to link the accelerated mid-20 century regional changes to the corresponding temporal behavior of the upper air large-scale drivers.
Additional and more comprehensive investigations on the evolution of changes are certainly required. For example, as shown in Sect. 4.3.2, convective precipitation may increase by mid-century before large scale circulation changes become more prominent. It is unclear how summer convection will change, particularly by the end of the century; competing factors will be 25 acting to enhance and suppress it. The pseudo-global warming analyses provided insights on some aspects of this issue. In particular, the results suggest that certain organized convective systems, such as the one that produced the devastating 2013 Calgary flood, might become more intense in the warmer and moister climate projected for the end of the century.
The PGW results also provide new insights on winter changes. The continuous 'above 0°C period' of the year will increase 30 although the total period of time near 0°C may not necessarily decrease. Coupled with increased moisture, more near 0°C events will be associated with precipitation, such as freezing rain, that is often hazardous. 
Concluding remarks
This article has addressed changes in atmospheric-related phenomena. The atmosphere and associated features have changed and will continue to do so due to anthropogenic factors. This certainly applies to the rapidly changing interior of western and northern Canada, the focus of the Changing Cold Regions Network (CCRN).
5
This study has examined conditions mainly applicable towards the end of the century over the CCRN domain and placed these within a strong physical basis. Although not as extensive, some attention was paid to the development of these conditions and pseudo-global warming analyses were carried out to examine some of the impacts of a warmer, more moist environment.
These analyses led to the development of a physically-based conceptual framework linking large scale atmospheric change to 10 smaller scale associated features. Because of projected dramatic seasonal shifts in circulations and temperature, four conceptual models were developed to account for changes in associated phenomena. As well, insights from the pseudo-global warming analysis were brought together in a consistent manner.
Although these syntheses are based on solid physical interpretation, they have limitations. In particular, just a few scenarios 15 or ensemble means were generally used in the analyses but there is a range of possible ones and, within each, there are numerous model products. The analysis of this information also did not carry out a comprehensive examination of the evolving pattern of large scale upper atmospheric and surface drivers; it mainly focused on their multi-year smoothed characteristics except to show their tendency to become more pronounced with time. There may well be 'surprises' or differences when these evolving patterns are considered including those linked with flips in circulation patterns with season. 20
In addition, the analyses mainly relied on coarse resolution model outputs. These CMIP5 models may not properly account for all critical processes in the atmosphere, surface and boundary layer; their projections may lead to different hydroclimatic conditions than those from finer-resolution regional models. For example, numerous feedbacks from the evolving surface, including snowcover, need to be better accounted for; these affect atmospheric circulations, storms and precipitation 25 distributions. Other surface-related feedbacks include shifting oceanic circulations and sea ice evolution. Another key issue is ensuring that vertical atmospheric profiles are well handled over this evolving cold climate region; this is critical for atmospheric stability considerations which influence many atmospheric phenomena including precipitation distributions.
Finer-resolution model outputs were only available for limited periods and did not fully account for changing large scale circulation change. Progress made here is therefore an important accomplishment that future studies can build on. 30
In summary, an assessment of future weather and climate conditions over the interior of western and northern Canada has been carried out largely based on CCRN-related research. Expectations are for a future with distinct seasonal changes in large scale atmospheric forcing, as well as temperature, and these are linked at least in part with changes in a host of associated smaller scale atmospheric-related phenomena.
Part 2 of this review and synthesis explores the associated changes at the surface and the responses and feedbacks to future climate of terrestrial ecosystems, the cryosphere, and regional hydrology. 5
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